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Abstract. Analysis of three-dimensional cosmological surveys has the potential to answer out-
standing questions on the initial conditions from which structure appeared, and therefore on the
very high energy physics at play in the early Universe. We report on recently proposed statis-
tical data analysis methods designed to study the primordial large-scale structure via physical
inference of the initial conditions in a fully Bayesian framework, and applications to the Sloan
Digital Sky Survey data release 7. We illustrate how this approach led to a detailed character-
ization of the dynamic cosmic web underlying the observed galaxy distribution, based on the
tidal environment.
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1. Introduction
How did the Universe begin? This question has unusual status in physical sciences due
to several profound specificities of cosmology. As the Universe is everything that exists
in the physical sense, there is no exteriority nor anteriority. The experiment is unique
and irreproducible, and the properties of the Universe cannot be determined statistically
on a set. The energy scales at stake in the early Universe are orders of magnitude higher
than anything we can reach on Earth. Finally, reasoning in cosmology is “bottom-up”
in the sense that the final state is known and the initial state has to be inferred. In
the context of the cosmic web, we aim at a physical reconstruction of the pattern of
initial density fluctuations that gave rise to the present network of clusters, filaments,
sheets and voids. Due to the computational challenge and to the lack of detailed physical
understanding of the non-Gaussian and non-linear processes that link galaxy formation
to the large-scale dark matter distribution, this question has only recently been tackled.
Here, we describe progress towards full reconstruction of four-dimensional state of the
Universe and illustrate the use of these results for cosmic web classification in the initial
and final conditions.
2. Statistical approach: Bayesian inference
Cosmological observations are subject to a variety of intrinsic and experimental un-
certainties (incomplete observations – survey geometry and selection effects –, cosmic
variance, noise, biases, systematic effects), which make the inference of signals a funda-
mentally ill-posed problem. For this reason, no unique recovery of the initial conditions
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from which the present-day cosmic web originates is possible; it is more relevant to quan-
tify a probability distribution for such signals, given the observations. Adopting this point
of view for large-scale structure surveys, Bayesian probability theory offers a conceptual
basis for dealing with the problem of inference in presence of uncertainty.
The introduction of a physical model in the likelihood (gravitational structure forma-
tion is the generative model for the complex final state, starting from a simple initial state
– Gaussian or nearly-Gaussian initial conditions) generally turns large-scale structure
analysis into the task of inferring initial conditions (Jasche & Wandelt 2013a; Kitaura
2013; Wang et al. 2013). It is important to notice that this framework requires at no
point the inversion of the flow of time, but solely depends on forward evaluations of the
dynamical model.
Significant difficulty arises from the very large dimension of the parameter space to be
explored (phenomenon usually referred to as the curse of dimensionality, Bellman 1961).
However, the problem can still be tractable thanks to powerful sampling techniques such
as Hamiltonian Markov Chain Monte Carlo (HMC, Duane et al. 1987).
3. Physical reconstructions
The inference code borg (Bayesian Origin Reconstruction from Galaxies, Jasche &
Wandelt 2013a) uses HMC for four-dimensional inference of density fields in the linear
and mildly non-linear regime. The physical model for gravitational dynamics included
in the likelihood is second-order Lagrangian perturbation theory (2LPT), linking initial
density fields (at a scale factor a = 10−3) to the presently observed large-scale struc-
ture (at a = 1). The galaxy distribution is modeled as a Poisson sample from these
evolved density fields. The algorithm self-consistently accounts for observational uncer-
tainty such as noise, survey geometry, selection effects and luminosity dependent galaxy
biases (Jasche & Wandelt 2013a,b).
In Jasche et al. (2014), we apply the borg code to 372,198 galaxies from the Sample
dr72 of the New York University Value Added Catalogue (NYU-VAGC, Blanton et al.
2005), based ot the final data release (DR7) of the Sloan Digital Sky Survey (SDSS,
Adelman-McCarthy et al. 2008; Padmanabhan et al. 2008).
Each inferred sample (Fig. 1, left) is a “possible version of the truth” for the formation
history of the Sloan volume, in the form of a full physical realization of dark matter
particles. The variation between samples (Fig. 1, right) quantifies joint and correlated
uncertainties inherent to any cosmological observation and accounts for all non-linearities
and non-Gaussianities involved in the process of structure formation. In particular, it
quantifies complex information propagation, translating uncertainties from observations
to inferred initial conditions.
4. Cosmic web analysis
The results presented in § 3 form the basis of the analysis of Leclercq et al. (in prep.),
where we classify the cosmic large scale structure into four distinct web-types (voids,
sheets, filaments and clusters) and quantify corresponding uncertainties. We follow the
dynamic cosmic web classification procedure proposed by Hahn et al. (2007) (see also
Forero-Romero et al. 2009; Hoffman et al. 2012), based on the eigenvalues λ1 < λ2 < λ3
of the tidal tensor Tij , Hessian of the rescaled gravitational potential: Tij ≡ ∂2Φ/∂xi ∂xj ,
where Φ follows the Poisson equation (∇2Φ = δ). It is important to note, that the tidal
tensor, and the rescaled gravitational potential are both physical quantities, and hence
their calculation requires the availability of a full physical density field in contrast to a
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Figure 1. Bayesian large-scale structure inference with borg in the SDSS DR7. Slices through
one sample of the posterior for the initial and final density fields (left) and posterior mean in
the initial and final conditions (right). The input galaxies are overplotted on the final conditions
as red dots.
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Figure 2. Mean of the posterior pdf for the eigenvalues λ1 < λ2 < λ3 of the tidal field tensor in
the initial (top) and final (bottom) conditions for the large-scale structure in the Sloan volume.
smoothed mean reconstruction of the density field. In figure 2, we show the posterior
mean for λ1, λ2, λ3 as inferred by borg is our reconstructions.
A voxel is defined to be in a cluster (resp. in a filament, in a sheet, in a void) if three
(resp. two, one, zero) of the λs are positive (Hahn et al. 2007). The basic idea of this
dynamic classification approach is that the eigenvalues of the tidal tensor characterize
the geometrical properties of each point in space.
Our approach propagates uncertainties to structure type classification and yields a
full Bayesian description in terms of a probability distribution, indicating the possibility
to encounter a specific structure type at a given position in the observed volume. More
precisely, by applying the above classification procedure to all density samples, we are able
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Figure 3. Mean of the posterior pdf for the four different web-types in the initial (top) and
final (bottom) conditions for the large-scale structure in the Sloan volume.
to estimate the posterior of the four different web-types, conditional on the observations.
The mean of these pdfs are represented in Fig. 3. There, it is possible to follow the
dynamic evolution of specific structures. For example, one can observe the voids expand
and the clusters shrink, in comoving coordinates.
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